Juvenile hormone epoxide hydrolases (JHEHs) are a family of enzymes that hydrolyze juvenile hormones (JHs). They are important in terms of organ-specific regulation and irreversible degradation. In contrast to three JHEH genes ( jheh) in Drosophila melanogaster and five jheh in Tribolium castaneum, only one jheh gene has been reported to date in lepidopteran insects. By searching a genome database of the silkworm, KAIKOBLAST, five JHEH-related genes ( jheh-r), in addition to Bmjheh, were found. Developmental changes in mRNA expression were brought about revealing several unique patterns for each of jheh-r as to developmental stages and organ-specificity. Recombinant proteins of JHEH-r were expressed using a baculovirus system to evaluate their enzymatic activities. Three of the five JHEH-r recombinant proteins had JH hydrolytic activities. This is the first report on lepidopteran jheh-related genes and also provides the comprehensive analysis of multiple jheh-related genes in an insect species with respect to their functions in enzyme activities.
Juvenile hormones (JHs), which are sesquiterpenoids, play important roles in the regulation of a number of physiological processes in insect development and reproductive maturation. JH concentrations are strictly regulated during larval molting and pupal metamorphosis. 1, 2) At the adult stage, JH is also an important factor in reproductive processes, including pheromone synthesis, oogenesis, and vitellogenesis. 3) In addition, JHs have been found to be involved in phase-and castedifferentiation in some insect orders. Since JHs are insect-specific and necessary for proper development and physiology, the systems related to JHs are potential targets in pest management. 4) Regulation of the JH concentration is crucial for the orderly development of insect species. The JH titer is regulated mainly by biosynthesis and degradation. The synthesis of JH is controlled by neuropeptides, such as allatotropins (up-regulators) and allatostatins (downregulators), secreted from the brain. 5) Under the control of these peptide hormones, enzymes at corpora allata convert mevalonate to JHs. 6, 7) JH degradation is important for precise and drastic changes in development, especially during larval molting, which occurs over a very short period. Degradation is mediated mainly by two enzymes with high substrate specificity: JH epoxide hydrolases (JHEHs) and JH esterases (JHEs). JHEs are secreted to the hemolymph, removing all JHs at the final larval stadium for commitment to pupal metamorphosis. This process yields JH acid, which can be reverted to JH. [8] [9] [10] On the other hand, JHEHs are non-secreted enzymes working in certain organs and tissues. They convert JHs to JH diols, an irreversibly hydrolyzed product. [11] [12] [13] [14] Thus the characteristics of the two enzymes as to JH degradation are quite different, and JHEHs appear to have a more important role because of their different regulation in various organs, and because of the irreversible nature of the degradation they catalyze.
Recently, genome sequencing projects have contributed immensely to our understanding of biology. In the genome databases there are three JHEH genes, jheh, in dipteran Drosophila melanogaster and Aedes aegypti, two in the cat flea, Ctenocephalides felis, 15) and five in Tribolium castaneum. 16) As for lepidopteran insects, a single jheh gene has been reported for Trichoplusia ni, 17) Manduca sexta, 18) and Bombyx mori, 19) even though multiple copies of jheh were suggested by genomic Southern analysis of T. ni and B. mori. A silkworm genome database, KAIKOBLAST, a merging of databases from Japan 20) and China, 21) has just been released. 22) With KAIKOBLAST, we found five carboxyl/cholinesterase peptides possessing GQSAG, a unique motif of the JHE active site, and we found that only JHE was a JH-specific esterase. 23 ) Also, five jhehrelated genes ( jheh-r) were found by KAIKOBLAST with significantly higher homology than other enzymes and proteins. To elucidate the contribution of the five JHEH-r genes to JH titer regulation and larval development, gene expression and functional analyses of jheh-r were conducted. They are discussed in this report.
Materials and Methods
Insects and tissue preparations. Silkworms, Bombyx mori, C145 Â N140 were reared on an artificial diet (Nosan Corporation, Yokohama, Japan) at 26 C under a 12 h light/12 h dark cycle. Under these conditions, the durations of the embryo 1st, 2nd, 3rd, 4th, and 5th instars were 9, 4, 4, 5, 6, and 12 d respectively. For whole-body samples, the larvae were dissected and the gut contents removed. For tissue samples, insects were dissected into the epidermis, the fat body, the gut, the muscle, the silk gland, and the Malpighian tubule.
Database analysis. The amino acid sequences of the jheh homologs of B. mori (accession no. AY377854), Manduca sexta (U46682), Tricoplusia ni (U73680), Ctenocephalides felis (AF503908 and AF503909), D. melanogaster (AAM88327, AAM88328, and AAM88329), Tribolium castaneum (XP 970779, XP 970843, XP 970990, XP 970957, XR 043117), and Nasonia vitripennis (ACC55233) were retrieved from GenBank (http://www.ncbi.nlm.nih. gov/Genbank/). ClustalW software was used to perform multiple sequence alignment prior to phylogenetic analysis. MEGA 4.0 (Tamura et al., 2007) was used to construct phylogenetic tree using the minimum evolution method with the JTT matrix. To evaluate branch strength in the phylogenetic tree, bootstrap analysis of 500 replicates was performed.
RNA isolation. Total RNA was isolated from the whole bodies of all days of embryos and of larvae using Isogen (Nippon Gene, Tokyo) after they were frozen in liquid nitrogen and homogenized with a ceramic mortar and pestle. Then isolated RNA was purified using the SV Total RNA Isolation System (Promega, Madison, WI) to avoid contamination of genomic DNA. The numbers of insects used for RNA isolation from embryos, and 1st, 2nd, 3rd, 4th, and 5th instar larvae were 40, 10, 5, 2 or 3, and 1 respectively. To prepare total RNA samples from tissues, Isogen was added to the tissue samples of all days of 4th and 5th instar larvae immediately after dissection. Subsequently, the tissues were homogenized and RNA was isolated. Then the samples were purified using the SV Total RNA Isolation System. The concentrations of the RNA samples were determined using UV spectrophotometer NanoDrop ND1000 (Thermo Fisher Scientific, San Jose, CA).
Molecular cloning and sequencing of Bmjheh-r. First-strand cDNA was synthesized from the RNA using the SuperScript III First Strand Synthesis System (Invitrogen, Carlsbad, CA). After RT-PCR, RNA samples that yielded the expected sizes of cDNA were selected without sequence determination. For RACE, total RNAs for day-7 embryos, larval fat bodies, and pupal follicle cells were treated with DNase (RT Grade, Nippon Gene). The gene-specific primers used for RACE are listed in Table 1 (A). First-strand cDNAs were synthesized from these RNAs using a GeneRacer kit with SuperScript III RT (Invitrogen) following the manufacturer's instructions. Total RNAs (2 mg) were dephosphorylated by CIP, decapped by TAP, ligated to an RNA adaptor, and reverse-transcribed with GeneRacer Oligo dT Primer. After RNase H treatment, primary amplifications were performed by touchdown PCR using proof-reading KOD-Plus-(Toyobo, Osaka, Japan). Then the PCR products were further amplified using nested primers and KOD-Plus-. The PCR fragments were cloned into pCR4-TOPO plasmids (Invitrogen). The sequences of cDNA fragments were determined from up to eight clones by direct sequencing using a BigDye Terminator v3.1 Cycle Sequencing kit (Life Technologies, Carlsbad, CA) and an ABI PRISM 3100 Genetic Analyzer (Life Technologies). The cDNAs encoding full-length open-reading frames (ORFs) were amplified by end-to-end PCR using KOD-Plus-, and cloned as above. The Bmjheh ORF was also cloned from larval fatbody cDNA. The ORF-inserted plasmids were purified using the Wizard Plus SV Minipreps DNA Purification System (Promega), and the sequences were analyzed.
Quantitative real-time PCR (qRT-PCR) for Bmjheh-r. Isolated total RNA was reverse transcribed using ReverTra -Plus-(Toyobo) following the manufacturer's instructions. Briefly, 200 ng of total RNAs was converted to cDNAs with Oligo(dT) 20 with Moloney murine leukemia virus reverse transcriptase in a 20 ml reaction volume. The reaction was diluted to 1/4 concentration with water and used as a template for qRT-PCR. Parts of the Bmjheh, Bmjheh-r1, Bmjheh-r2, Bmjheh-r3, Bmjheh-r4, and Bmjheh-r5 cDNA sequences were amplified by PCR using the primer pairs listed in Table 1 , and were ligated into pCR4-TOPO (Invitrogen). Serial dilutions of these constructs were used as standards. As a reference gene, Bmrp49 was chosen. The qRT-PCR standards and primers for Bmrp49 were prepared as described previously.
6) The qRT-PCR primer pairs for Bmjheh, Bmjheh-r1, -r2, -r3, -r4, and -r5 are listed in Table 1 . The transcripts of Bmjheh and its 
five related genes, and Bmrp49, in prepared cDNA templates were quantified on a real time thermal cycler, the LightCycler 480 RealTime PCR System (Roche Applied Science, Basel, Switzerland). qRT-PCR was carried out in a 20 ml reaction volume containing 2 ml template cDNAs (equivalent to 5 ng of total RNAs) or standard cDNAs, 1 Â SYBR Premix EX Taq (Takara, Ohtsu, Japan), and the respective primer. We used a PCR cycle with a denaturing stage of 95 C for 10; 20 C/s, followed by 50 cycles PCR stage of 95 C for 5 s; 20 C/s, 60 C for 20 s; 20 C/s. After the PCR stage, the absence of unwanted by-products was confirmed by automated melting curve analysis. The molar amounts of transcripts of the various genes, were calculated based on crossing point analysis, with standard curves generated from the standard cDNAs. The molar amounts of Bmjheh and the five related genes were normalized with Bmrp49 transcript levels in the same cDNA templates and used as indicators of the expression levels of the genes.
Expression of recombinant proteins of BmJHEH and BmJHEH-r.
Recombinant baculovirus expressing BmJHEH and BmJHEH-r were constructed using the BAC-TO-BAC baculovirus expression system (Invitrogen) according to the manufacturer's instructions. Full-length ORFs were amplified using phosphorylated sense primer and universal M13 antisence primer from the ORF-cloned plasmids, and the PCR products were treated with Spe I. The digested products were ligated between the Ehe I and the Spe I site of pFastBacHTA plasmid (Invitrogen). The recombinant plasmid was then transformed into DH5. The colony harboring plasmid with the correctly ligated insert was selected, and the plasmid was purified. It was transformed into DH10BAC, and the recombinant bacmid was then isolated. Spodoptera frugiperda cells (Sf9) were cultured in Sf-900 II SFM (Invitrogen). The recombinant bacmid was inoculated into 9 Â 10 5 Sf9 cells using 6 ml of Cell-Fectin reagent (Invitrogen) to generate a P1 viral stock, and then amplified for P2 viral stock. Sf9 Cells (2 Â 10 6 ) were inoculated with P2 virus to express recombinant protein. Four d after inoculation, the cells were collected from the culture medium by centrifugation. They were homogenized in PBS (10 mM sodium phosphate, 150 mM sodium chloride, pH 7.4) containing 0.01% phenylthiourea (Nacalai Tesque, Kyoto, Japan) and 1 mM PMSF (Nacalai Tesque).
To confirm expression of the various recombinant proteins, Western blotting was conducted. Aliquots of the homogenates or culture media of Sf9 cells expressing recombinant JHEH or JHEH-r proteins were subjected to SDS-PAGE, and the gels were transferred to a PVSF membrane. The membranes were reacted with mouse anti-His tag antibody (1:1,000 dilution; Medical and Biological Laboratories, Nagoya, Japan) as the primary antibody and alkaline phosphataseconjugated goat anti mouse IgG antibody (1:5,000 dilution; Jackson ImmunoResearch, West Grove, PA) as the secondary antibody, and the recombinant JHEH or JHEH-r proteins were detected by CDP-Star (GE Healthcare, Chalfont St. Giles, UK). To quantify the amount of proteins expressed, the membrane was applied to chemiluminescence and the image was analyzed by LAS-3000 mini (Fujifilm, Tokyo). The signal intensity of each band was compared to that of a standard protein, Histag purified recombinant JHEH. The same preparation with the cells inoculated with empty His-tag vector was used as a negative control, giving a non-specific signal at the same or a near migration of BmJHEH, BmJHEH-r2, and -r5. The estimated protein amounts were calibrated by subtraction of the non-specific signal. The concentration of purified JHEH was calculated from a standard curve with serial dilutions of BSA by comparing the intensities of bands on an SDS-PAGE polyacrylamide gel after staining with Coomassie Brilliant Blue.
Enzymatic assay for JHEH. The enzymatic activity of JHEH was measured by radiometric partition assay using [
3 H]-JH III as substrate. 24) This is widely used in studies of JHEHs, including Lepidoptera, although JH III is not an authentic JH in lepidopteran insects. Briefly, 100 ml of test sample solution diluted in Tris/HCl buffer (50 mM, pH 8.0) containing 0.1 mg/ml of BSA was preincubated at 30 C for 2 min. One ml of 50 or 500 mM JH III solution (containing approximately 30,000 dpm [
3 H]-JH III, PerkinElmer Life Sciences, Waltham, MA) in ethanol was added (final concentration 0.5 or 5 mM) and incubated at 30 C for 0.5 or 60 min. For JHE-r3 and -r4, the reaction was conducted at 30 C with JH III at a final concentration of 10 nM for 60 min to confirm absence of activity. The reaction was stopped by the addition of 100 ml of methanol. The unreacted JH III was extracted with 250 ml of isooctane. An aliquot (50 ml) of the aqueous layer was mixed with a scintillation cocktail, ACS-II (GE Healthcare, Chalfont St. Giles, UK), and applied to the scintillation counter, a Beckman LSC-1000. The values for radioactivity were corrected by the amount of epoxide partitioning into the aqueous phase according to a method described in the literature. 25) The product in the aqueous solution was confirmed to be JH diol without JH acid by TLC. 1QO7 A) showed the highest homology among the proteins reported as to crystal structure in the Protein Database with BmJHEH on the amino acid sequences. Homology modeling was performed 10 times independently with minimization using MMFF94x for each calculation based on the X-ray crystallographic structure of the A. niger epoxide hydrolase. The average structure obtained was used as the estimated BmJHEH structure.
Results

Sequence analysis of cDNA coding BmJHEH and BmJHEH-r
The cDNA sequences of jheh and five jheh-r of B. mori strain C145 Â N140 were determined. The sequence of jheh of C145 Â N140 (accession no. AB362775) was slightly different from that of the strain Jingsong Â Haoyue (no. AY377854) reported by Zhang et al., with a difference of 17 nucleic acid residues and five amino acid residues. There are several types of epoxide hydrolases in one species; most of them are function to detoxify xenobiotics. Although it is difficult to distinguish JH-specific epoxide hydrolases (JHEHs) from other epoxide hydrolases, five sequences were found in KAIKOBLAST with significantly higher homology with Bmjheh than the others. These were designated jheh-related genes (Bmjheh-r). The full ORF sequences of cDNA coding the five jheh-r were determined ( jheh-r1: AB293554, jheh-r2: AB293555, jheh-r3: AB293556, jheh-r4: AB293557, jheh-r5: AB299279). Their putative amino acid sequences are shown in Fig. 1A . The total amino acid lengths were similar (460-494) among all the JHEH-r, except for JHEH-r3 (629), a chimeric protein containing a Cterminal glutathione peroxidase with 73% homology (Fig. 1B) .
The homologies based on amino acid sequences between Bmjheh and Bmjheh-r were 50-70%, whereas those among Bmjheh-r1 to -r5 were 31-56%. In the alignment of Bmjheh and Bmjheh-r with jheh from other insect species, jheh of Tricholusia ni (Tnjheh), which was first cloned in lepidopteran insects following sequences of mammalian microsomal EHs, was homologous to Bmjheh (80%), but jheh of Manduca sexta (Msjheh) had higher homology to Bmjheh-r1 (86%). A phylogenic analysis (Fig. 2) indicated that lepidopteran jhehs are in a cluster different from coleopteran or dipteran jhehs.
Genomic analysis of the Bmjheh and Bmjheh-r genes Bmjheh and Bmjheh-r were also investigated on KAIKOBLAST for gene structure (Fig. 3) . Bmjheh, Bmjheh-r3, and Bmjheh-r5 were all located on scaffold #3099. Of particular interest, the position of Bmjheh-r5 was very close to jheh in tandem manner on the scaffold. The gene structures of Bmjheh-r2, -r3, -r4 were similar to Bmjheh due to seven exons, whereas Bmjheh-r1 and -r3 were in six and eight exons respectively. Conserved splice sites are indicated by red letters in Fig. 1A . There were four sites (a-d) conserved for Bmjheh and Bmjheh-r, except for site-a in Bmjheh-r3. The splice sites are also labeled on the gene structures in Fig. 3 .
Developmental changes in the expression of the mRNA of the Bmjheh and Bmjheh-r genes Developmental changes were in the expression of Bmjheh and Bmjheh-r mRNA examined by qRT-PCR using wholebody samples from embryo to pupation, and with several organs from individuals during the 4th and 5th stadia. With the wholebody samples, the mRNA expression levels of Bmjheh were similar for the larval periods, low at each molting and high at day 1 or 2 after A, Alignment for total sequences of JHEH and JHEH-r. B, Alignment of C-terminus in JHEH-r3 and glutathione peroxidase of B. mori (BmGPX). Black background shows common residues for all JHEH and JHEH-r, and gray background shows similar residues for more than half of the genes. Red letters show splice sites, and a-d are the positions in Fig. 3 . Asterisks indicate residues in the catalytic triad. Blue and green letters present residues of the oxyanion hole and residues conserved only for enzymatically active JHEH-r respectively. molting (Fig. 4A) . The changes in Bmjheh-r3 mRNA expression were similar to the case of Bmjheh in terms of the repeated patterns in each larval period, except at the embryonic stage and the early 5th stadium. The expression of Bmjheh-r1 mRNA changed drastically, peaking 1 d before molting, like the ecdysteroid titer in the hemolymph. On the other hand, the expression patterns of Bmjheh-r2 and -r4 mRNA were different from Bmjheh, Bmjheh-r1, and -r3, with very low expression at the embryonic stage, but high at the 4th and 5th instar. They were similar to Bmjheh and Bmjheh-r3 in that expression was low during molting and high at middle of the larval stage, but not at the 5th stadium. The expression of Bmjheh-r5 mRNA was high at day 0 of the 1st, 2nd, and 3rd stadia, and comparatively high at the middle stages of the 4th and 5th stadia.
It was found that the mRNA of Bmjheh was expressed in all six organs examined at the 4th and 5th instar, and comparatively high in the fat body and the gut (Fig. 4B) . The mRNA of Bmjheh-r1 was expressed primarily in the Malpighian tubule and at the end of the 4th stadium. The mRNAs of Bmjheh-r2 and -r4 were expressed at the 
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Enzymatic activities of the recombinant protein of BmJHEH-r
To confirm the enzymatic activity of the BmJHEH-r gene products for JH degradation, recombinant proteins were expressed by the baculovirus expression system. For comparison, BmJHEH was also expressed in the same system. The expressed proteins were separated by SDS-PAGE and analyzed by western blotting with antiHis tag antibody. All the recombinant BmJHEH-r were distinguishable. Expression was quantified by band intensity using purified JHEH-His tag as standard (Fig. 5) .
The recombinant proteins were evaluated for enzymatic activity without purification. First we confirmed 
KDa
-
BmJHEH
BmJHEH-r1 BmJHEH-r2 BmJHEH-r3 BmJHEH-r4 BmJHEH-r5 the activity of BmJHEH for degradation by tritiated JH III into the preparation. Then BmJHEH-r were applied to enzyme assay. Surprisingly, BmJHEH-r1, which has the highest homology with MsJHEH, had nearly 200-fold higher JH-hydrolytic activity (19.98 units) than BmJHEH (0.10 unit) ( Table 2 ). The BmJHEH-r2 and -r5 proteins also showed the enzyme activity, at 0.62 and 0.05 unit respectively. The two remaining BmJHEH-r (JHEH-r3 and -r4) did not show any JHEH enzymatic activity on radiometric partition assay with 3 H-JH III as substrate.
Molecular homology modeling at the catalytic site of JHEH-r
Among the proteins reported as to crystal structure in the Protein Database, the epoxide hydrolase from Aspergillus niger (PDB code 1QO7 A) showed the highest sequence homology (E-value ¼ 3:2 Â 10 À93 ) to BmJHEH. The proposed catalytic triad of BmJHEH was located at the putative active site, as presented in Fig. 6 . All the amino acid residues important for BmJHEH activity as reported by Zhang et al. were found in all of JHEH-r. These included a catalytic triad, Asp227-His430-Glu403 (asterisks in Fig. 1A) , an oxyanion hole formed by the HGWP motif, Tyr298, and Tyr373, located at the ligand binding site, as shown blue letters in Fig. 1A , respectively.
Discussion
JHEH is one of the key enzymes controlling the JH concentration during insect development. In comparison to JHE, which works mainly in the hemolymph, JHEH plays a more important role, for two reasons: First, it is a non-secreted enzyme, that can decompose JHs to adjust the JH concentration appropriately in each organ at each developmental stage. Second, JHEH gives JH diol, an irreversibly hydrolyzed metabolite, whereas JHE gives JH acid, which can be reconstructed to JH. It is plausible that one insect species has several jhehs with different regulation, as under different promoters, as one possible system. In dipteran and coleopteran insects, several jhehs have been reported, including three for D. melanogaster, two for A. aegypti, and five for T. castaneum, based on their genome databases. In contrast, although it has been suggested for several JHEHs in a single species for lepidopteran insects, only one jheh for a single species has been reported for lepidopteran insects, such as B. mori, M. sexta, and T. ni, to date. Recently, KAIKOBLAST, a silkworm genome database, was released. 22) Five jheh-related genes were found with significantly higher homology than the others and possessing all the consensus sequences known for JHEH from the database, as discussed below. The mRNAs of all five genes were expressed in silkworm larvae ( Fig. 4A and B) . The homology in putative amino acid sequence among BmJHEH and the five BmJHEH-r were not, however, as high as 50-70%. Remarkably, one of the related genes, Bmjheh-r3, was a chimeric enzyme with the glutathione peroxidase (GPX) sequence and 83% homology of the C-terminal region in Bombyx GPX (Fig. 1B) , though the contribution of the GPX moiety is unknown. On the other hand, the homologies among Bmjheh-r were not high (31-56%), probably because they have been diversified in their selectivity for different substrates.
The results of this study indicate that there are several Bmjheh-r in lepidopteran species. Bmjheh had high homology with Tnjheh (Fig. 2) , but Msjheh had higher homology for Bmjheh-r1 than Bmjheh. There might be several jheh-r in all lepidopteran species as with Bmjheh-r1 to -r5 in B. mori, and there are several jhehs even in dipteran insects. But the jheh genes in Lepidoptera were in a different cluster from those of coleopteran and dipteran jhehs. It might be that BmJHEH-r3 and -r4 are not JHEHs, and the results of enzymatic activity assay support this hypothesis. It is known that Dmjhehs locate close to other in tandem on the genome. Bmjheh, Bmjheh-r3, and -r5 were found in tandem on the same scaffold, #3099 (Fig. 3) , but BmJHEH-r3 did not show any JH-decomposing activity.
The results of splice site analysis indicate that Bmjheh and all Bmjheh-r might have evolved from the same gene, because splice sites were conserved at four positions, except for Bmjheh-r3 (three positions). These results also agree with the results of phylogenic analysis, which showed that the sites of Bmjheh, Bmjheh-r1, and -r2 were more common than the others, and Bmjheh-r5 was somewhat different even though total homology is high. In a previous study, we found that there were five carboxyl/cholinesterase genes (cce-1 $ cce-5) with GQSAG, known as a unique JHE motif at the catalytic site, in addition to B. mori JHE, by searching the genome database. 23) In contrast with the result that three JHEH-r showed JHEH activity, no activity for JH-specific degradation was found among the five CCEs.
In order to validate the importance of each of Bmjheh-r for development, stage-dependent changes in Bmjheh-r mRNA expression were determined by qRT-PCR ( Fig. 4A and B) . Bmjheh mRNA was expressed in many organs throughout the embryo and larval stages, with lower expression during molting. On the other hand, the Bmjheh-r mRNAs were expressed selectively in certain organs. Bmjheh-r1 mRNA was relatively high at the end of each larval stage, and expressed mostly in the Malpighian tubule. The mRNA expression of Bmjhehr2 and -r4 was mostly during the 4th and 5th stadia, but Bmjheh-r2 was expressed in the silk gland of the 4th instar, and Bmjheh-r4, which has no JHEH activity, was expressed in the gut at both the middle of 4th and the early to middle of the 5th stadium. Expression of non-JH-degrading Bmjheh-r3 mRNA was found mostly in the Malpighian tubule at end of the 5th stadium. Bmjheh-r5 also had a different expression profile, being found primarily in the gut at the middle of the 5th stadium. As it has been found that the JHEHs are nonsecreted enzymes, JHEH-r1, -r2, and -r5 were thought to contribute to JH regulation in the various organs at each developmental stage, along with JHEH.
To compare enzymatic activities, BmJHEH was also expressed in the same system, and showed hydrolytic activity on JH III (Table 2) . Surprisingly, JHEH-r1 had 200-fold higher activity than JHEH, and JHEH-r2 and -r5 had 6 and 5-fold higher activities than JHEH, respectively. Bmjheh-r1 was the most homologous to Msjheh, and the recombinant protein MsJHEH has been reported to have JH-hydrolyzing activity.
26) It is plausible, therefore, for BmJHEH-r1 to possess enzymatic activity against JH, but no JH-hydrolytic activity was found for BmJHEH-r3, or -r4. According to the gene homology analysis of the cDNA sequences, JHEH-r3 and -r4, possessing no enzymatic activity, were present in different clusters from other cDNA coding BmJHEH and BmJHEH-r. On the other hand, Bmjheh-r5 was homologous to jheh of Spodoptera exigua (ABD85119), which is registered only in the database. BmJHEH-r5 showed JH hydrolytic activity. But, we could not judge whether JHEH of S. exigua had enzymatic activity for JH hydrolysis do date, single jheh have been reported in Lepidoptera, but there might be several jhehs corresponding to jheh-r1 to -r5, found in B. mori. Gene and genomic analyses by KAIKOBLAST gave a great deal of information, and the database has been found to be a strong research tool for entomology, especially in lepidopteran insects. Recently we reported on two of five JHEHs of coleopteran T. castaneum. 27) Since those JHEHs were non-secreted enzymes and were expressed in certain organs independently, it is plausible that the one species would possess several jhehs.
In the B. mori genome database, all five jheh-r genes were found to contain a motif known for EH activity. But, only BmJHEH-r1, -r2, and -r5 showed hydrolytic activity with JH. In order to identify amino acid residues important for substrate specificity against JH, molecular modeling of JHEH was performed by construction based on EH of A. niger because of high homology (Fig. 6 ). In the structure obtained, the catalytic triad Asp227-His430-Glu403, proposed by Zhang et al., was found at the putative active site. In addition, residues Tyr298, Tyr373, HGWP (152-155) were also found near the substrate binding site, and was predicted to be an oxyanion hole. 16, 28) All of the important residues were present in BmJHEH and BmJHEH-r, suggesting that all JHEH-r possess the enzymatic activity of JHEH. However, an exception was found around Asp227, consisting of the catalytic triad QGGDWG. The Trp228 next to Asp227, labeled with green letters in Fig. 1A , was not found in BmJHEH-r3 or -r4, which did not show JHEH activity. This Trp228 might be important for substrate selectivity. At this motif, BmJHEH-r1 was QAGDWG, as was MsJHEH. In addition to the residues at the active site discussed above, two more amino acid residues, Phe55 and Pro119, labeled with green letters in Fig. 1A , were found to be different in BmJHEH-r3 and -r4. These residues are conserved in the JHEH of other species reported to have hydrolytic activity on JH. Phe55 and Pro119 locate at a surface of the molecule near each other, and might contribute to proper assembly of the substrate binding pocket.
In conclusion, this is the first observation of several JHEHs in Lepidoptera, similar to findings for coleopteran and dipteran insects. It was obtained using the silkworm genome database KAIKOBLAST. mRNA expression of jheh-r was quite different for the various genes in terms of developmental stage-or organ-specificity. Also, three of five JHEH-r, BmJHEH-r1, -r2, and -r5, had enzyme activity to hydrolyze JH, and BmJHEH-r1 showed the highest activity among them as 200-fold of BmJHEH. Furthermore, Bmjheh-r1 had higher homology to Msjheh. Since the spatially separated regulation of JHEH and JHEH-r are different from JHEs, which performs mostly in the hemolymph at the ultimate larval instar, JHEH and JHEH-r are important enzymes in maintaining appropriate JH concentration, because the expression is of the jheh-r regulated separately in each organ at different developmental stages. Also JHEH and JHEH-r gives JH diols as irreversibly decomposed metabolites. It is conceivable that the dual enzyme regulating system in insects developed for a variety of biological activities of JH. The mechanism of independent utilization of several enzymes in JH degradation must be one of the keys to understanding the diversity of insects in different environments on Earth.
